Abstract High consumption of fruits and vegetables has been associated with reduced risk of debilitating diseases and improved cognition in aged populations. These beneficial effects have been attributed to the phytochemicals found in fruits and vegetables, which have previously been shown to be anti-inflammatory and modulate autophagy. Tart cherries contain a variety of potentially beneficial phytochemicals; however, little research has been done to investigate the effects of tart cherry on the aging brain. Therefore, the purpose of this study was to determine if tart cherry supplementation can improve cognitive and motor function of aged rats via modulation of inflammation and autophagy in the brain. Thirty 19-month-old male Fischer 344 rats were weight-matched and assigned to receive either a control diet or a diet supplemented with 2 % Montmorency tart cherry. After 6 weeks on the diet, rats were given a battery of behavioral tests to assess for strength, stamina, balance, and coordination, as well as learning and working memory. Although no significant effects were observed on tests of motor performance, tart cherry improved working memory of aged rats. Following behavioral testing, the hippocampus was collected for western/densitometric analysis of inflammatory (GFAP, NOX-2, and COX-2) and autophagy (phosphorylated mTOR, Beclin 1, and p62/SQSTM) markers. Tart cherry supplementation significantly reduced inflammatory markers and improved autophagy function. Daily consumption of tart cherry reduced age-associated inflammation and promoted protein/cellular homeostasis in the hippocampus, along with improvements in working memory. Therefore, addition of tart cherry to the diet may promote healthy aging and/or delay the onset of neurodegenerative diseases.
Introduction
Aging is associated with deficits in motor function, which include decreases in balance, muscle strength and coordination, and cognitive function, especially in tasks that require the use of spatial learning and memory. These decrements have been reported in numerous studies in both animals (Joseph et al. 1983; Shukitt-Hale et al. 1998 ) and humans (Brayne et al. 1995; Hofer et al. 2003) . With the ongoing expansion of the aging population in many countries worldwide, various means have been explored to reduce or prevent age-related neurodegeneration, thus extending health-span and reducing the health care costs accrued by older adults.
Although the mechanisms underlying age-related deficits remain to be fully characterized, it is clear that inflammation, in conjunction with oxidative stress, plays a key role (Shukitt-Hale 1999; Hauss-Wegrzyniak et al. 2000) . During aging, the brain's endogenous antiinflammatory defenses decline (Olanow 1993; Carney et al. 1994; Joseph et al. 1998) , making the brain particularly susceptible to inflammatory insult. Because the brain has limited regenerative potential, any insult can lead to cumulative cellular damage that compromises normal neuronal function. Autophagy is one of the mechanisms responsible for sequestering and/or recycling intracellular damaged protein/lipid complexes, protein oligomers/aggregates, and cellular organelles. Autophagy is a well-regulated lysosomal degradation process whose disruption, which leads to neuronal dystrophy and death, is a potential mechanism of the aging process and the development of neurodegenerative diseases (Meijer and Codogno 2006; Rajawat et al. 2009 ). Neuroinflammation has been identified as a cause of autophagal dysregulation in aged rats (Poulose et al. 2011) . Therefore, a potentially valuable approach to combat age-related deficits in behavior is to alter inflammation.
Epidemiologic studies have shown that high consumption of fruits and vegetables reduces the risk for common causes of death (Lock et al. 2005; He et al. 2006a He et al. , 2007 and improves cognitive performance in healthy elderly people (Polidori et al. 2009; Nurk et al. 2010) . Previous research from our laboratory, and several others, suggests that the combinations of antioxidant/antiinflammatory phytochemicals found in fruits and vegetables may effectively combat some of the effects of aging [see Miller and Shukitt-Hale (2012) for a review of these studies]. We found that supplementation of blueberry (BB), strawberry (SB), or spinach for 8 weeks significantly attenuated age-related motor and cognitive deficits in senescent rodents. When compared to the control group, all diet-supplemented groups showed improved working memory (short-term memory) performance in the Morris water maze (MWM) ). Short-term 2 % BB supplementation in aged rodents was also found to be effective in reversing cognitive declines in an object recognition task (Goyarzu et al. 2004; Malin et al. 2011) . Subsequent experiments in our laboratory found similar protective effects against agerelated behavioral declines with blackberries (Shukitt-Hale et al. 2009a, b) , cranberries (Shukitt-Hale et al. 2005) , black currants (Shukitt-Hale et al. 2005) , Concord grape juice , plum juice (ShukittHale et al. 2009a, b) , and walnuts (Willis et al. 2009 ). In addition to their beneficial behavioral effects, the phytochemicals found in fruits and vegetables are believed to directly affect cell signaling in the brain by enhancing neuronal communication, increasing buffering capacity against intracellular calcium influx, promoting neurogenesis, upregulating heat-shock proteins, downregulating inflammatory gene expression, and protecting against excitotoxic stress [reviewed in Miller and Shukitt-Hale (2012) ]. Furthermore, a recent study by Poulose and colleagues (2013) reported that aged rodents fed with a phytochemical-rich, walnut-supplemented diet for 15 weeks showed a marked increase in clearance of ubiquitinated protein aggregates in the hippocampus and activation of autophagy in the striatum and the hippocampus, areas of the brain that are crucial for learning and memory.
Tart cherry is a dietary source of fiber, potassium, and phytochemicals [reviewed in Ferretti et al. (2010) and McCune et al. (2011) ]. Cyanidin is the major anthocyanin in tart cherries (Seeram et al. 2001a ) followed by flavan-3-ols and flavonols (Bhagwat et al. 2014 ). Studies using cell lines, animal models, and humans demonstrated that the phytochemicals found in tart cherry confer health benefits by inducing cell-cycle arrest and apoptosis in precancerous and cancer cells (Kang et al. 2003; Bobe et al. 2006; Martin and Wooden 2012; Sehitoglu et al. 2014) , decreasing triglyceride and total cholesterol levels (Seymour et al. 2008) , reducing inflammation (Seeram et al. 2001b; Tall et al. 2004; Seymour et al. 2009; Ou et al. 2012) , and decreasing oxidative stress (Kim et al. 2005; Traustadottir et al. 2009 ). Furthermore, a study by Kirakosyan showed that cherry anthocyanins accumulated in the brain of young rats after 3 weeks of feeding with either 1 or 10 % tart cherry-supplemented diets in a dose-dependent manner (Kirakosyan et al. 2015) . Therefore, cherry anthocyanins may improve behavior by acting directly to improve brain cell function, signaling, and/or extraneuronal parameters of survival, such as inflammation, within the aging brain. The purpose of the present study was to determine whether dietary supplementation with 2 % tart cherry could improve the cognitive and motor function of aged rats via anti-inflammatory or neuronal housekeeping mechanisms.
Methods and materials

Chemicals and antibodies
The following chemicals and antibodies were used in this study: complete Mini EDTA-free protease inhibitor (Roche Diagnostic, Indianapolis, IN); PMSF (SigmaAldrich, St. Louis, MO); 30 % acrylamide/bis solution, 29:1, TEMED, 4× Laemmli sample buffer, 10× Tris/glycine/SDS buffer, 10× Tris/glycine buffer, polyvinyl difluoride (PVDF) membrane (Bio-Rad, Hercules, CA); Rapid Block (Amresco, Solon, OH); goat-anti-N A D P H o x i d a s e -2 ( N O X -2 ) , g o a t -a n t icyclooxygenase-2 (COX-2), goat-anti-β-actin (Santa Cruz Biotechnology, Dallas, TX); goat-anti-glial fibrillary acidic protein (GFAP) (EMD Millipore, Billerica, MA); rabbit-anti-phosphorylated mammalian target of rapamycin (pmTOR), rabbit-anti-Beclin1, and mouseanti-p62/SQSTM1 (Cell Signaling Technology, Danvers, MA); ECL Plus reagents (GE Healthcare Life Sciences, Piscataway, NJ).
Animals
Nineteen-month-old male Fischer 344 rats (N = 30, 15 rats/group), acquired from the National Institute on Aging (NIA) rat colony (Taconic Farms), were maintained on a 12-h light/dark schedule in hanging wire cages with ad libitum food and water. After 2 weeks of acclimation, rats were weight-matched and assigned to diet groups. Body weights and food intakes were recorded every other week. All rats were observed daily for clinical signs of disease. At the conclusion of the study, there were 12 rats in each group, as some lost a significant amount of weight and were euthanized or died due to conditions related to old age during the course of the study; however, there were no pathological differences between the groups. Animals were utilized in compliance with all applicable laws and regulations as well as principles expressed in the National Institutes of Health, USPHS, Guide for the Care and Use of Laboratory Animals. This study was approved by the Animal Care and Use Committee of our Center.
Diet
Freeze-dried Montmorency tart cherry powder (Prunus cerasus L.; provided by Cherry Marketing Institute, Dewitt, MI) was incorporated into a pelleted NIH-31 diet (Harlan Teklad, Madison, WI). A 2 % (w/w) Montmorency tart cherry dose was chosen based on previous studies in humans (Kelley et al. 2006) , as well as those conducted in our laboratory demonstrating the beneficial effects of phytochemical-rich berry fruits (i.e., blueberry, strawberry, cranberry, blackberry, black currant, and boysenberry) on cognition, motor function, and suppression of inflammation and oxidative stress in aged animals and accelerated aging models (Casadesus et al. 2004; Goyarzu et al. 2004; Shukitt-Hale et al. 2005; Galli et al. 2006; Shukitt-Hale et al. 2007 , 2009a Malin et al. 2011) . The amount of ground corn was adjusted in the control diet to compensate for the added volume of the freeze-dried cherry powder, in accordance with established methodology (ShukittHale et al. 1998; Youdim et al. 2000) . Rats were maintained on these diets for the duration of the study.
Behavioral tests
The rats were tested on a battery of motor tests during week 6 of the diet and on the working memory version of Morris water maze (MWM) during week 7 of the diet (see below).
Psychomotor testing
A battery of age-and diet-sensitive tests of psychomotor behavior (Joseph et al. 1983 Shukitt-Hale et al. 1998; Joseph et al. 1999; Youdim et al. 2000; ShukittHale et al. 2005 ) was administered in a randomized order to the animals at the end of the sixth week of dietary supplementation. Each test was performed once, separated by a break between tasks. Briefly, the tests included the following:
1. Rod walk: The ability of rats to balance on a stationary, horizontal rod measures psychomotor coordination and the integrity of the vestibular system. Animals were placed in the center of a rod (100 cm long, 26 mm in diameter, positioned 23 cm above the table surface), and their latency to fall off the rod onto a cushion below was recorded (max score = 60 s). If the rats fell immediately after being placed on the rod, they were given another opportunity. 2. Wire suspension: The prehensile reflex refers to an animal's ability to grasp a horizontal wire (12-gauge) with its forepaws and to remain suspended;
it is a measure of muscle strength. Rats were raised to a taut horizontal wire (55 cm above the tabletop), and the forepaws of each rat were placed on the wire. Each was given one trial, with the total hanging time in seconds recorded (60 s max). 3. Plank walk: Balance and coordination were measured by exposing the rats to one trial on each of three 100-cm-long horizontal planks (wide = 38 mm; medium = 25 mm; narrow = 13 mm), placed 34 cm above the tabletop, in counterbalanced order. Latency to fall (60 s max) was recorded and averaged for each trial. 4. Inclined screen: This test measures muscle tone, strength, and balance. Each rat was placed in one of six separate compartments of a wire mesh that was tilted 60°to the horizontal plane of the floor. Latency to fall from the screen was recorded (600 s max). 5. Accelerating rotarod: Fine motor coordination, balance, and resistance to fatigue were quantitated by measuring the amount of time that a rat could remain standing/walking on a rotating, accelerating rod (7-cm diameter; Ugo Basile, Italy). Each rat was placed on the rod at 2 rpm until it maintained its grip and orientation without assistance. The rod then accelerated steadily for 5 min (by 2 rpm every 30 s) until it reached 20 rpm. Latency to fall was recorded.
Working memory version of the Morris water maze (wMWM)
The wMWM (Morris 1984; Brandeis et al. 1989 ) is a learning paradigm that requires rats to explore a circular pool of water (134-cm diameter × 50-cm height, maintained at 23 ± 1°C) and use extra-maze cues to locate a hidden platform (10-cm diameter) that is submerged 2 cm below the surface of the water. Accurate navigation to the platform is rewarded by escape from the water. The working memory version of the MWM (Morris 1984; Brandeis et al. 1989 ) was performed daily for four consecutive days, with a morning and an afternoon session, two trials per session, and a 10-min intertrial interval between the two trials. The platform was moved at the beginning of each session to one of four locations; these locations were chosen to frustrate a number of nonplace learning strategies that rats may adopt (Whishaw 1985) . At the beginning of each trial, the rat was gently immersed in the water at one of four randomized start locations. Each rat was allowed 120 s to locate and escape onto the platform; if the rat failed to escape within this time, it was guided to the platform. Once the rat reached the platform, it remained there for 15 s (trial 1; reference memory or acquisition trial). The rat was returned to its home cage between trials (10 min). Trial 2 (the working memory or retrieval trial) used the same platform location and start position as trial 1. All trials were videotaped and analyzed with image tracking software (HVS Image, UK), which allows measurements of latency to find the platform (s), path length (cm), and swimming speed (cm/s). For a more detailed description of the maze and the paradigm used, see Shukitt-Hale and colleagues (1998).
Western blot analysis
After completion of behavioral tests, rats were euthanized by perfusion with phosphate-buffered saline (PBS). The hippocampus was then dissected out, snapfrozen, and stored at −80°C until used. Samples were selected at random for western blot analysis (n = 7/ group) to assess the total expression of inflammatory markers (glial fibrillary acidic protein (GFAP), NADPH oxidase-2 (NOX-2), and cyclooxygenase-2 (COX-2)) and autophagy markers (phosphorylated mammalian target of rapamycin (pmTOR), Beclin 1, and p62/ sequestosome 1) as previously described in colleagues (2012, 2013) . Beta-actin was used as a loading control. The immunoreactive bands were captured, and optical densities were quantified with LabWorks Imaging Acquisition and Analysis software (UVP LLC, CA).
Statistical analyses
For each measure, between-subjects analysis of variance (ANOVA) models comparing the diet groups were performed using Systat (Cranes Software International Ltd., Chicago, IL) to test for statistical significance at an alpha level of p < 0.05. Days or trials, when appropriate, were included in the model as a within-subject variable. To determine differences between the diet groups, post hoc comparisons were performed using Fisher's least significant difference (LSD) test.
Results
Effects of 2 % tart cherry supplementation on food intake and body weight
The tart cherry-supplemented group ate more than the control group initially, but food intake slowly declined to approximate that of controls by the end of the study (Fig. 1a) . A one-way, repeated measures ANOVA showed a significant main effect of diet (p = 0.04) and a significant main effect of time (p < 0.001); however, no significant diet by time interaction was observed. Post hoc analysis indicated significant differences (p < 0.05) only at the second and third time point of food intake, during the fourth to sixth weeks after the initiation of the dietary supplementation. Overall, the rats in both groups lost weight after their respective diets were implemented. Although there were significant differences in food intake between the two diet groups, there were no differences in body weight between the two groups at any time during the course of the study (Fig. 1b) . Average body weights over the course of the study for the control and tart cherry groups were 460.8 ± 11.0 and 460.3 ± 8.2, respectively.
Effects of daily consumption of tart cherry on cognitive and motor function
A wMWM was used to determine the effects of tart cherry supplementation on cognitive function. Rats fed the control diet reached maximum performance after 1 day of testing, as indicated by a plateau in the latency to reach the platform on days 2-4 (Fig. 2a) , while rats in the tart cherry group continued to learn over the course of the test (Fig. 2b) . For trial 1, a mixed model ANOVA revealed a significant main effect of diet (p = 0.009) and test day (p < 0.001), as well as significant interaction between diet and test day (p = 0.03). However, for trial 2, only a main effect of test day (p = 0.008) was observed. The results shown represent food intakes (a, grams/day; means ± SEM; n = 12/group) and body weight (b, grams; means ± SEM; n = 12/group) of rats over the course of the study for the control (open circles) and 2 % tart cherry-supplemented group (filled circles) measured biweekly. INT represents the body weight prior to initiation of diet. Asterisk indicates a statistically significant difference between the groups (p < 0.05)
The difference between trial 1 and trial 2 is a measure of working memory. Rats in the control group showed a significant reduction in their latency to reach the platform on trial 2 compared to trial 1 only on the first day of testing (Fig. 2a , p = 0.04), but took longer to reach the platform on trial 2 on days 3 and 4. In contrast, rats fed with tart cherry diet were able to reach the platform faster on trial 2 compared to trial 1 throughout the four test days. Separate t tests between the mean latencies for each group were performed to see if the tart cherry group significantly improved their performance from trial 1 to trial 2 (bar graphs in Fig. 2a, b) across testing days. Results showed that the cherry diet significantly (p < 0.005) improved working memory in the Morris water maze, but the control diet did not improve working memory. No group differences in swim speed were observed [average swim speed 0.150 ± 0.005 (control), 0.152 ± 0.004 (tart cherry), p > 0.05]; therefore, swim speed could not account for the group differences in swim latency.
Data for path length taken to reach the platform (Fig. 2c, d ) were similar to the latency parameter. A mixed model ANOVA revealed a significant main effect of diet (p = 0.001) and test day (p = 0.002) for the first trial of each session (Trial 1); however, no significant main effects were seen for the second trial of each session (trial 2). No differences in path length were observed between trial 1 and trial 2 for the control group across testing days (Fig. 2c) . However, a trend toward reduced path length from trial 1 to trial 2 among rats in the tart cherry group was observed (p = 0.08; Fig. d) .
Rats completed a battery of motor tests after 6 weeks on either a control or tart cherry-supplemented diet. No significant differences were observed between the two diet groups on tests of balance, muscle strength, coordination, muscle tone, or stamina (Fig. 3a-f) . Effect of tart cherry on inflammation and autophagy in the hippocampus Inflammation in the hippocampus was assessed by western blot analysis of the inflammatory markers GFAP, NOX-2, and COX-2 (Fig. 4) . Relative to controls, daily consumption of 2 % tart cherry led to reduction in GFAP, NOX-2, and COX-2, respectively. One-way ANOVA revealed a significant main effect of diet for GFAP (p = 0.006) and COX-2 (p = 0.03) and a trend toward an effect of NOX-2 (p = 0.09).
Additionally, autophagy markers were improved by the tart cherry diet (Fig. 5) . One-way ANOVA revealed that the tart cherry-fed animals had decreased phosphorylation of mTOR (pmTOR) (p = 0.05) and p62/SQSTM 1 expression (p = 0.01) when compared to control rats, while Beclin 1 was upregulated (p = 0.01).
Discussion
The present study investigated the effects of short-term 2 % tart cherry supplementation on motor and cognitive function, inflammation, and autophagy in aged rats. The major findings from this study were that supplementation with tart cherry: (1) transiently increased food Fig. 3 Motor performance was not affected by supplementation with tart cherry. Latency to fall (seconds, means ± SEM; n = 12/ group) from inclined screen (a), rotarod (b), wire suspension (c), small plank (d), medium plank (e), and large plank (f) for the control (opened bar) and 2 % tart cherry-supplemented group (hatched bar) intake without affecting body weight; (2) had no effects on motor function; (3) improved spatial learning and working memory; and (4) reduced inflammation and promoted autophagy in aged rats.
Previous studies from our laboratory and others found no differences in food intake when rats were fed diets supplemented with various berry fruits (e.g., blueberry, cranberry, and strawberry) Ahmet et al. 2009; Shaughnessy et al. 2009; Elks et al. 2011; Malin et al. 2011) . Therefore, it was unexpected that tart cherry-fed rats would consume significantly more food than control-fed rats. Additionally, the increase in food intake did not result in altered body weight among tart cherry-fed rats. It is possible that the tart cherry-supplemented diet may increase the rate of metabolism. A study by Seymour and colleagues (2009) reported that 1 % tart cherry intake increased percentage of lean body mass, reduced body weight and decreased percentage fat mass in obesity-prone rats after 8 weeks of pair-feeding with high-fat controls. These findings suggest that consumption of tart cherry may shift body composition to favor a higher basal metabolic rate. However, more studies are needed to address this possibility.
When examining cognitive performance, tart cherryfed rats exhibited improved spatial working memory that was not observed in the control rats. Specifically, trial 2 latencies were significantly less than trial 1, showing that rats in the tart cherry group demonstrated one-trial learning, even with the 10-min retention interval. This one-trial learning was not found in the control group. Studies using aged animals and aging models have reported that daily consumption of polyphenol-rich foods improves spatial learning and memory performance (Shukitt-Hale et al. 2007; Williams et al. 2008; Rendeiro et al. 2009; Shukitt-Hale et al. 2009a, b; Willis et al. 2009; Rendeiro et al. 2013) . Because tart cherries contain a plethora of flavonoids and other phenolic compounds [ (Kim et al. 2005) , reviewed in (Ferretti et al. 2010; McCune et al. 2011)] , and accumulate in the brain in a dose-dependent manner, it is not surprising that short-term intake of tart cherries led to improvement in spatial working memory.
The rapid drop in latency and path length between day 1 and day 2 observed in the control group appears to show that the control animals are learning faster than the tart cherry rats. However, examining the data in more detail shows that the controls actually exhibit higher latencies and path lengths for trial 2 after day 2, meaning that they show no working memory improvements. Therefore, it appears the control rats are not using spatial strategies to solve the maze, but rather may be using a different strategy, e.g., swimming until they bump into the platform. In using this strategy, performance gets better quickly but working memory (performing better on trial 2 based on information gleaned from trial 1) does not improve. As the tart cherry rats seem to be using spatial strategies, learning initially takes longer, but then working memory is improved. We see this working memory improvement in the tart cherry group, significantly for latency and as a trend for path length.
Daily intake of tart cherry had no effects on motor performance. It is possible that a 2 % tart cherrysupplemented diet may be insufficient to produce observable improvement in psychomotor performance. A study by Shukitt-Hale et al. (1999) showed that a 1 % strawberry-supplemented diet fed to aged rodents failed to produce beneficial effects on motor function, while a study by Joseph et al. (1999) reported that a 2 % strawberry-supplemented diet improved balance and coordination. Similarly, another study where aged rats were given either 10 or 50 % Concord grape juice for 8 weeks reported a significant improvement in motor function only in the 50 % Concord grape juice group when compared to the controls . In spite of evidence supporting beneficial effects of fruits and vegetables on motor function Shukitt-Hale et al. 2005; Galli et al. 2006; Neville et al. 2013; Shukitt-Hale et al. 2015) , this null effect of tart cherry on motor function is supported by several studies where diets high in antioxidant capacity or fruits high in polyphenolic compounds fail to reverse agerelated motor deficits in spite of other health benefits Sumien et al. 2004; ShukittHale et al. 2005) . Because age-related motor deficits begin to manifest during early middle-age in rodents (Shukitt-Hale et al. 1998; de Fiebre et al. 2006 ) and deteriorate profoundly with age , it is possible that age-related damage may be too widespread by the time of late-life intervention, making it difficult to reverse (Bickford 1993) . The age at which dietary supplementation is initiated, as well as the dose, may be the keys to forestalling age-related declines in motor function.
Many bioactive polyphenolic compounds with antiinflammatory properties have been detected in both sweet and tart cherry varieties. Unsurprisingly, cherryfed rats in this study showed less glial cell activation and lower expression of COX-2, an enzyme responsible for the formation of inflammatory mediators. Daily intake of cherry anthocyanins (40 mg/kg) for 28 days has been previously shown to significantly decrease TNF-α in the serum and prostaglandin E2 (PGE2) in the paws of rats using a model of arthritis (He et al. 2006b ). Moreover, when 18 healthy male and female adults (age 45-61) consumed 280 g of Bing sweet cherries daily, a , and densitometry analysis (bottom) of the immunoreactive bands normalized to β-actin, with results represented as mean ± SEM; n = 7/group. Asterisk indicates statistically significant difference between the groups (p < 0.05) comparable amount of cherry (approximately 4 g/kg/ day) as in this study, they showed a significant drop in serum C-reactive protein (hsCRP) levels compared to placebo controls (Kelley et al. 2006) . These findings support the idea that cherry polyphenols have antiinflammatory properties.
Recent studies have shown that consumption of a blueberry-, strawberry-, or walnut-supplemented diet can restore autophagy in aged rodents and rodent aging models (Poulose et al. 2013 (Poulose et al. , 2014a . As with other berries (Poulose et al. 2014a, b) and walnuts (Poulose et al. 2013) , dietary tart cherry improved markers of autophagy in the present study. The cherry-fed rats had decreased phosphorylation of mTOR, which negatively regulates the autophagal function, and decreased p62, a constituent of ubiquitinated protein aggregates, when compared to control rats. Consuming the tart cherry diet also led to overexpression of Beclin 1, which has been shown to regulate the onset of autophagy by interacting with a multi-protein complex (Liang et al. 1999; He and Levine 2010; Salminen et al. 2013 ). This cherry-induced stimulation of autophagy may contribute to the improvement in neuronal and cognition function.
Even though tart cherry had significant beneficial effects on cognition, inflammation, and autophagy, the sample size in this study is too small to generate a meaningful analysis linking biochemical changes to behavioral outcomes. Further studies are needed to determine the complete set of mechanisms involved and to examine the bioactive compound(s) in tart cherry that produce its beneficial effects. In summary, the findings from this study indicate that daily consumption of Montmorency tart cherry improved spatial learning and spatial working memory, reduced inflammation, and improved autophagy in the hippocampus of aged rats. Therefore, the regular addition of tart cherries to older adults' diets may promote brain health and may reverse certain aspects of agerelated cognitive decline.
